Reactive oxygen species (ROS) are thought to play a dual role in plants by functioning as signaling molecules and toxic by-products of aerobic metabolism. The hypersensitive response (HR) is a typical feature of immune responses in plants and also a type of programmed cell death (PCD). How these two processes are regulated in oilseed rape (Brassica napus L.) at the transcriptional level remains largely unknown. In this study, we report that an oilseed rape (Brassica napus L.) NAM-ATAF-CUC (NAC)-type transcription factor NAC87 modulates ROS and cell death accompanied by typical changes at the morphological and cellular levels. The BnaNAC87 gene was induced by multiple stress and hormone treatments and was highly expressed in senescent leaves by quantitative reverse transcription-PCR (qRT-PCR). BnaNAC87 is located in nuclei and has transcriptional activation activity. Expression of BnaNAC87 promoted significant ROS production, cell death as well as death of protoplasts, as indicated by histological staining. In addition, putative downstream target genes of NAC87 were identified through both qRT-PCR and dual luciferase reporter assays. We found that genes implicated in ROS generation (RbohB), cell death (VPE1a, ZEN1), leaf senescence (WRKY6, ZAT12) and defense (PR2, PR5 and HIN1) were significantly induced. Through an electrophoretic mobility shift assay (EMSA), we confirmed that BnaNAC87 directly binds to the NACRS-containing promoter fragments of ZEN1, ZAT12, HIN1 and PR5 genes. From these results, we conclude that oilseed rape NAC87 is a novel NAC transcription factor that acts as a positive regulator of ROS metabolism and cell death.
Reactive oxygen species (ROS) are thought to play a dual role in plants by functioning as signaling molecules and toxic by-products of aerobic metabolism. The hypersensitive response (HR) is a typical feature of immune responses in plants and also a type of programmed cell death (PCD). How these two processes are regulated in oilseed rape (Brassica napus L.) at the transcriptional level remains largely unknown. In this study, we report that an oilseed rape (Brassica napus L.) NAM-ATAF-CUC (NAC)-type transcription factor NAC87 modulates ROS and cell death accompanied by typical changes at the morphological and cellular levels. The BnaNAC87 gene was induced by multiple stress and hormone treatments and was highly expressed in senescent leaves by quantitative reverse transcription-PCR (qRT-PCR). BnaNAC87 is located in nuclei and has transcriptional activation activity. Expression of BnaNAC87 promoted significant ROS production, cell death as well as death of protoplasts, as indicated by histological staining. In addition, putative downstream target genes of NAC87 were identified through both qRT-PCR and dual luciferase reporter assays. We found that genes implicated in ROS generation (RbohB), cell death (VPE1a, ZEN1), leaf senescence (WRKY6, ZAT12) and defense (PR2, PR5 and HIN1) were significantly induced. Through an electrophoretic mobility shift assay (EMSA), we confirmed that BnaNAC87 directly binds to the NACRS-containing promoter fragments of ZEN1, ZAT12, HIN1 and PR5 genes. From these results, we conclude that oilseed rape NAC87 is a novel NAC transcription factor that acts as a positive regulator of ROS metabolism and cell death.
Introduction
Selective death of cells is essential for plant growth, development and survival. The general term for the terminal events is programmed cell death (PCD) (Van Hautegem et al. 2015) . In plants, PCD occurs in many different cells, tissues or organs including gamete formation, embryo development, degeneration of tissues in seeds and fruits, tracheary element formation and senescence (Van Breusegem and Dat 2006) . PCD is also fundamental for plant responses to environmental stresses and pathogen attack. For instance, aerenchyma is formed under hypoxia, and the hypersensitive response (HR) is initiated upon challenge by many pathogens (De Pinto et al. 2012) . Leaf senescence is a developmental PCD process that constitutes the final phase of leaf development, in which leaf cells undergo active degenerative processes, including degradation of Chl, proteins and many other macromolecules, while simultaneously reclaiming valuable resources, especially nitrogen and phosphorus (Zhou et al. 2009 ). PCD can be regulated by multiple environmental cues and endogenous (e.g. hormonal) signals (De Pinto et al. 2012) . Among these, reactive oxygen species (ROS) generated during plant metabolism can damage and even kill cells (Apel and Hirt 2004) . Senescence and cell death are often the result of unconstrained oxidation and propagation of ROS and free radical cascades (De Pinto et al. 2012) . Therefore, a tight control and adjustment of ROS levels is necessary to facilitate growth, development, senescence and death of plants or their parts Dat 2006, Dietz et al. 2016) . ROS, including hydrogen peroxide (H 2 O 2 ) and the superoxide anion (O 2 Á À ), are generated as byproducts of energy-generating processes, photosynthesis and respiration (Apel and Hirt 2004) . Additionally, plasma membrane-associated respiratory burst oxidase homologs (Rbohs), which are counterparts of NADPH oxidase (NOX) in mammalian cells generating superoxide in the apoplastic side, have been characterized as an essential ROS-producing system activated during the early stages of plant-pathogen interaction (Torres and Dangl 2005) . Higher concentrations of ROS cause oxidative stress, and the various extremely reactive molecules of ROS can react indiscriminately with many cellular components and provokes destructive protein modifications as well as mutagenic DNA strand breaks, protein-DNA cross-links and purine oxidations (Apel and Hirt 2004) . It is reported that an array of genes in Arabidopsis specifically regulate the spatiotemporal network of ROS production and scavenging (Mittler et al. 2004 ). However, how these genes are regulated transcriptionally remains largely unknown.
Transcription factors (TFs) play essential roles in determining differential gene expression, which plays an important role in many processes including PCD. Many TFs have been found to promote or delay leaf senescence or PCD, among which families of NAC (NAM-ATAF-CUC) and WRKY are prominent (Guo et al. 2004 , Miao et al. 2004 , Kaneda et al. 2009 . The NAC proteins constitute one of the largest plant-specific TF families, with 117 members in Arabidopsis (Nuruzzaman et al. 2010) . NAC TFs usually contain a conserved N-terminal NAC domain and highly divergent C-terminus (Puranik et al. 2012) . Previous studies have demonstrated that NAC TFs function in diverse developmental processes, including shoot apical meristem development, lateral root formation, secondary cell wall formation, hormone signal pathways and leaf senescence (Olsen et al. 2005 , Puranik et al. 2012 . Moreover, quite a few members of the NAC TF family also function in abiotic and biotic stress signaling and tolerance (Nakashima et al. 2012 , Nuruzzaman et al. 2013 ). An early transcriptomic profiling revealed that 20 NAC genes showed increased expression during natural leaf senescence in Arabidopsis, indicative of their importance in regulating senescence (Guo et al. 2004) . It has been reported that AtNAP/ANAC029, ORE1/ANAC092, ORS1/ ANAC059, ATAF1/ANAC002 and ANAC016 positively regulate leaf senescence (Guo and Gan 2006 , Balazadeh et al. 2010 , Balazadeh et al. 2011 , Garapati et al. 2015 , while JUB1/ANAC042 and VNI2/ANAC083 negatively regulate it (Yang et al. 2011 , Wu et al. 2012 . A role for NACs in regulating leaf senescence has also been reported in crop plants such as wheat and rice (Uauy et al. 2006 . Moreover, a few NAC TFs from Arabidopsis, rice and soybean have been demonstrated to modulate the endoplasmic reticulum (ER) or osmotic stress-induced cell death, partially through regulating vacuolar processing enzyme (VPE) or caspase-like protein activity (Kaneda et al. 2009 , Faria et al. 2011 , Mendes et al. 2013 . However, whether and how NAC TFs regulate ROS levels, cell death and leaf senescence in oilseed rape (Brassica napus L.) remains to be investigated.
Oilseed rape is the third largest oilseed crop in the world, providing approximately 13% of the world's supply of vegetable oil. Like other crops, the yield of B. napus seeds is greatly influenced by both abtioic and biotic stresses. Considering the fact that ROS, as second messengers, play an important role in plant response to both abiotic and biotic stresses as well as leaf senescence (Suzuki et al. 2012 , Baxter et al. 2014 , we determined to mine the roles of NAC genes in oilseed rape. We previously cloned >60 NAC genes from oilseed rape (Wang et al. 2015) . In the present study, we describe the characterization of one novel NAC gene, BnaNAC87, which could induce ROS overaccumulation and cell death by modulating ROS-and cell deathrelated gene expression.
Results and Discussion
Identification, cloning and analysis of the BnaNAC87 gene
In a previous high-throughput screening of genes putatively regulating leaf senescence in oilseed rape, a NAC gene showing similarity to Arabidopsis NAC087 was identified. Based on expressed sequence tags (ESTs), BnaNAC87 cDNA was cloned from oilseed rape through reverse transcription-PCR (RT-PCR). The open reading frame (ORF) of BnaNAC87 is 1,014 bp, encoding a polypeptide of 337 amino acid residues, which harbors an approximately 160 amino acid N-terminal NAC domain divided into five highly conserved subdomains (A-E) (Fig. 1A) . These five subdomains are interspersed by short and variable sequences. In subdomain D, there is a short sequence containing conserved basic amino acids, which is the putative nuclear localization signal (NLS) (Supplementary Fig. S1 ). Further, a phylogenetic tree was constructed using a maximum parsimony (MP) algorithm after performing an alignment of full-length amino acid sequences of NAC proteins from Arabidopsis, rice, wheat, maize, tomato and other representative species. It can be seen that BnaNAC87 shared the highest identity with ANAC087 and was clustered with ANAC087 with a high bootstrapping value (Fig. 1B) . The expression of BnaNAC87 was examined in young leaves, mature leaves, early senescent leaves and late senescent leaves, as well as in different sections of early senescent leaves ( Supplementary Fig. S2 ). The result showed that, compared with young leaves, the expression of BnaNAC87 was notably higher in late senescent leaves than in any other leaf tissues (Fig. 1C) .
To examine the role of BnaNAC87 in response to abiotic stress and hormone treatments as well as fungal pathogen (Sclerotina sclerotiorum) challenge, we analyzed the changes of transcripts through quantitative RT-PCR (qRT-PCR). The results of three biological replicates revealed that the expression of BnNAC87 was slightly but significantly induced by salt, dehydration, heat, ABA, methyl viologen (MV), jasmonate (JA) and salicylic acid (SA) treatments at the 24 h time point (Fig. 1D) . Moreover, BnaNAC87 was up-regulated by S. sclerotiorum infection at 1 h (Fig. 1D) . In addition, none of the treatments significantly down-regulated BnaNAC87 expression. These data suggest that BnaNAC87 may function in multiple abiotic stress and phytohormone signaling pathways as well as in defense against infection by the necrotrophic fungal pathogen S. sclerotiorum.
BnaNAC87 has transcriptional activation activity and is localized in nuclei
We further examined the transcriptional activity of BnaNAC87. First, the coding region of BnaNAC87 was fused to the GAL4 DNA-binding domain (BD) to examine its ability to activate transcription from the GAL4 upstream activation sequence (UAS) and thereby promote growth of transformed yeast on synthetic drop-out (SD) medium lacking specific amino acids. The yeast cells transformed with the BD-BnaNAC87 plasmid or blank plasmid grew well on the control SD-LW medium, while on SD-LWH medium supplemented with 5 mM 3-aminotriazole (3-AT) or on SD-LWHA, only yeast containing BD-BnaNAC87 plasmids could grow, which was confirmed by b-gal activity assay ( Fig. 2A) . Therefore, BnaNAC87 protein has transcriptional activation activity.
The cis-elements for several NAC proteins have been identified and it is known that NACs of the SNAC subfamily can bind to the NAC recognition site (NACRS) containing the core CATGTG motif, although the nucleotides flanking the core NAC-binding site are also implicated in determining binding specificity and strength (Tran et al. 2004 , Welner et al. 2012 . We therefore examined whether BnaNAC87 could bind to this element based on a dual luciferase (LUC) reporter assay. Triple tandem repeats of NACRS sequences were synthesized and inserted, together with the Cauliflower mosaic virus (CaMV) 35S minimal promoter, upstream of the firefly LUC gene (Fig. 2B) . The native form of full-length BnaNAC87 was under the control of the constitutive CaMV35S promoter and used as the effector. Simultaneously, the Renilla luciferase (REN) gene driven by the 35S promoter was co-expressed as an internal control. Consistent with the previous result in a yeast system, the result showed that BnaNAC87 strongly activated the LUC reporter gene, and the LUC/REN ratios of BnaNAC87 were 50-and 16-fold higher than that of the b-glucosidase (GUS) control at the two time points examined (Fig. 2B) . These data showed that BnaNAC87 indeed functions as a transcriptional activator.
To investigate the subcellular localization of the protein encoded by BnaNAC87, its coding region was fused upstream of the green fluorescent protein gene (GFP) and expressed under the control of the native promoter or the CaMV35S promoter in leaves of Nicotania benthamiana. An NLS-fused 
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BnaNAC87 in response to various treatments. The treatments applied include 200 mM NaCl, 15% PEG8000, cold (4 C), heat (37 C), 50 mM ±ABA, 10 mM methyl viologen (MV), 20 mM H 2 O 2 , 50 mM jasmonate (JA) and 2 mM salicylic acid (SA), as well as S. sclerotiorum. Data are the mean of three biological replicates ± SE. Asterisks denote significant differences (compared with 1) by Student's t-test analysis (*P 0.05; **P 0.01). mCherry was co-expressed to indicate the sites of nuclei. The results showed that BnaNAC87-GFP signals expressed under the native promoter were exclusively localized in nuclei, which overlapped with those of NLS-mCherry; whereas the GFP control was observed in cytoplasm and nuclei (Fig. 2C) . Similarly, BnaNAC87-GFP signals expressed under the constitutive CaMV35S promoter were also exclusively localized in nuclei ( Supplementary Fig. S3 ). The results demonstrated that BnaNAC87 is a nuclear protein, which is consistent with its role as a transcriptional activator.
Expression of BnaNAC87 promotes ROS accumulation and hypersensitive response-like cell death
In the aforementioned subcellular assay, we noticed that expression of BnaNAC87 in leaf tissues led to HR symptoms within 2 d after infiltration. To confirm this, BnaNAC87 and control GUS genes under a constitutive 35S promoter were introduced into N. benthamiana leaves via agro-infiltration. Interestingly, the leaf tissue expressing BnaNAC87 started to show pathogen-independent cell death symptoms, beginning 2 days post-infiltration (d.p.i.), and symptoms were severely aggravated with longer duration (Fig. 3A) . In parallel, expression of GUS did not cause any significant symptoms of cell death, suggesting that the hypersensitive response-like cell death is indeed caused by the specific BnaNAC87 gene expression. We also compared the sizes of leaf lesions between BnaNAC87 and GUS expression sites, and the data showed that there was no detectable lesion in the GUS expression sites while the relative leaf lesion in BnaNAC87 expression sites was about 0.12, 0.15 and 0.13 at 2, 3 and 4 d.p.i., respectively ( Supplementary Fig. S4 ). A Western blot assay indicated that both BnaNAC87 and control genes were expressed in the respective leaf tissues after agro-infiltration at these three time points, although BnaNAC87 abundance is quite low (Supplementary Fig. S5 ).
It has been reported that excessive ROS accumulation can damage cells and cause cell death (Van Breusegem and Dat 2006) . To test whether hypersensitive-like cell death caused by BnaNAC87 expression is associated with ROS accumulation, we performed 3,3'-diaminobenzidine (DAB) staining. It can be seen that hydrogen peroxide (H 2 O 2 ) accumulation was detected in BnaNAC87-expressing tissues at the various time points, indicative of ROS accumulation (Fig. 3A) . As cell death can lead to breakage of the plasma membrane and release of cytoplasm, we examined the electrolyte leakage of leaf tissues expressing BnaNAC87 and GUS. The results showed that a significant increase in ion leakage was detected in leaf tissues expressing BnaNAC87 at 3 d.p.i., in contrast to those expressing GUS (Fig. 3B) , which further supports the hypothesis that HRlike cell death associated with H 2 O 2 production is triggered by expression of BnaNAC87. To monitor further the accumulation of H 2 O 2 , we quantified the content of it using a modified protocol, and the data showed a significantly higher content of H 2 O 2 in leaf tissues expressing BnaNAC87 than that of GUS, beginning at 3 d.p.i., whereas no significant change in H 2 O 2 content was detected in GUS expression tissues across the time points examined (Fig. 3C) Leaf yellowing is one of the central indicators of the progression of leaf senescence, and is caused by loss of Chl and production of anthocyanins (Lim et al. 2007 ). We therefore examined the changes in the concentrations of Chl and anthocyanins in leaf tissues expressing BnaNAC87 compared with GUS control. The data revealed that in leaf tissues expressing BnaNAC87, the concentration of Chl decreased significantly compared with GUS controls beginning at 3 d.p.i. (Fig. 3D) . In contrast, expression of BnaNAC87 significantly increased anthocyanin accumulation beginning at 3 d.p.i., whereas no significant change was observed in leaf tissues expressing the GUS gene (Fig. 3E) .
As overaccumulation of ROS inside cells can cause lipid peroxidation, during which malondialdehyde (MDA) is formed by the decomposition of unsaturated fatty acids, we further monitored the content of MDA. The data showed that the MDA concentration was significantly higher in leaf tissues expressing BnaNAC87 than the GUS control at 3 and 4 d.p.i. (Fig. 3F) . These data indicate that ROS accumulation brought about by BnaNAC87 expression leads to breakage of cell membranes.
During leaf senescence and cell death, altered nuclear morphology and DNA fragmentation, together with several other changes to cell structures and organelles, have been described (Van Hautegem et al. 2015) . Therefore, we employed terminal dUTP nick end-labeling (TUNEL) assay to examine the nuclear DNA fragmentation as a hallmark of cell death in leaf cells, and this technique detects single-and double-strand DNA breaks by addition of fluorescein isothiocyanate (FITC)-dUTP to free 3' termini. As expected, we observed very bright signals of FITC in leaf tissues expressing BnaNAC87 as early as 1 d.p.i., suggesting lots of single-or double-stranded DNA breaks in the nuclei ( Supplementary Fig. S6A, B) . In contrast, the signal was not detectable in control leaf cells expressing the GUS gene ( Supplementary Fig. S6C, D) . Overall, this assay indicates that there was significant internucleosomal degradation of chromosomal DNA in BnaNAC87-expressing cells.
BnaNAC87 also positively regulates ROS accumulation and cell death in oilseed rape
To determine whether BnaNAC87 also has the function of inducing ROS accumulation and HR-like cell death in oilseed rape, we developed a transient assay system in oilseed rape protoplasts. Two constructs were introduced into isolated oilseed rape protoplasts individually, one of which contained the BnaNAC87 gene and the other a GFP or GUS gene under the control of a constitutive CaMV35S promoter. As the excitation and emission wavelengths of GFP overlap with some specific fluorescent dyes (e.g. FITC), GUS was used in this case. First, we verified that both GFP and BnaNAC87-GFP fusion proteins could be successfully expressed in protoplasts of oilseed rape, as shown by the expected subcellular localization patterns ( Supplementary Fig. S7A ). Secondly, we performed an immunoblotting assay of GFP and BnaNAC87-GFP through the 3ÂHA-specific antibody. The results demonstrated that GFP could accumulate to a high level while the level of BnaNAC87-GFP was relatively low ( Supplementary  Fig. S7B ), findings which are consistent with previous results (Supplementary Fig. S5 ), supporting a detrimental effect of BnaNAC87 expression on cell viability. Further, an Evans blue staining showed that 46.6% of protoplasts transfected with BnaNAC87 were dead, compared with 11.1% in the control (Fig. 4A, B) . In addition, a fluorescein diacetate (FDA) staining confirmed that a large portion (17.1%) of BnaNAC87-transfected protoplasts were dead, whereas only 5.6% of protoplasts expressing the GUS gene were dead (Fig. 4C, D) . Lastly, by using a ROS-specific fluorescence dye, H 2 DCFDA (2',7'-dichlorodihydrofluorescein diacetate), we found that protoplasts transfected with BnaNAC87-containing plasmids showed a signal intensity of 2.1-fold higher than those of the control (Fig. 4E, F) . Collectively, these assays clearly demonstrated that the BnaNAC87 TF indeed positively regulates ROS accumulation and cell death. -D) qRT-PCR was performed to determine transcript levels of marker genes in leaves transiently expressing BnaNAC87 and control genes at 1, 2 and 3 d.p.i. Each value represents the mean ± SE of three biological replicates. The PP2A, L23 and F-box mRNA levels were used as the endogenous control. Asterisks denote significant differences (compared with 1) by Student's t-test (*P 0.05; **P 0.01).
BnaNAC87 modulates transcription of ROS-, cell death-, senescence-and defense-related genes
The evidence presented above showed that ROS accumulation and cell death are correlated with expression of the BnaNAC87 gene. To determine how BnaNAC87 modulates these two processes, we utilized qRT-PCR to examine the expression changes of an array of marker genes at three time points (1, 2 and 3 d.p.i.). First, plant Rbohs located at the plasma membrane are ROS-producing enzymes. In Arabidopsis, AtRbohD and AtRbohF are responsible for ROS production against pathogen attacks (Torres et al. 2002) . In N. benthamiana, silencing of NbRbohA and NbRbohB, orthologs of AtRbohF and AtRbohD, respectively, leads to reduced ROS in response to Phytophthora infestans (Yoshioka et al. 2003) . qRT-PCRs of three biological replicates showed that the transcript levels of NbRbohB were 2.0-and 2.4-fold, respectively, higher in leaf tissue expressing BnaNAC87 than that in the GUS control at 1 and 2 d.p.i., respectively ( Fig. 5A) , indicative of the contribution of RbohB in ROS accumulation at the early time points. However, the expression of NbRbohA was only slightly up-regulated or even down-regulated at the three time points surveyed, suggesting a difference between paralogs in this pathway. Next, we examined the transcript levels of plant-specific genes encoding VPEs, which are structurally unrelated to caspases in animals but have caspase-1 activity (Hatsugai et al. 2004 ). It has been reported that VPEs form a small gene family and play crucial roles in both hypersensitive and developmental cell death in plants ( HaraNishimura et al. 2005) . Two metacaspase genes, MC4 and MC8, encoding cysteine proteases, which are structurally related to animal caspases, were also included in the assay. The results demonstrated that the transcript abundance of VPE1a and VPE3 showed significant induction at all three time points and 1 d.p.i., respectively (Fig. 5A) . In contrast, transcript abundance of VPE1b and VPE2 was significantly decreased in leaf tissues undergoing cell death at all the three time points examined (Fig. 5A) . In addition, MC4 and MC8 were slightly repressed or up-regulated by BnaNAC87 expression (Fig. 5A) . Furthermore, considering the fact that expression of BnaNAC87 induced DNA fragmentation, we sought to compare the expression level of nuclease-encoding genes and we chose Zinnia Endonuclease 1 (ZEN1). Previous study shows that potato ZEN1 is involved in PCD of apical bud meristem, leading to release of apical dominance (Teper-Bamnolker et al. 2012) . Using a homologous search strategy, we identified orthologs of ZEN1 in N. benthamiana. The results of qRT-PCR showed that ZEN1 was highly induced by BnaNAC87 expression at the three time points, with a fold change of 59, 606 and 79 at 1, 2 and 3 d.p.i., respectively (Fig. 5D) .
When there is excessive ROS in plant cells, activation of the ROS-scavenging system is also required to clean out some of them (Apel and Hirt 2004) . As a result, we also examined the transcript changes of a set of genes encoding antioxidant metabolic enzymes, such as ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), glutathione S-transferase (GST), glutathione reductase (GR) and superoxide dismutase (SOD) (Apel and Hirt 2004) as well as alternative oxidase (Aox) that lowers mitochondrial ROS production in plant cells (Maxwell et al. 1999 ). The results demonstrated that transcript levels of NbCAT3, NbGPX2, NbGST1, NbSOD and NbAOX1a were prominently increased, with an average of 1.9-to >100-fold higher in leaf tissue expressing BnaNAC87 compared with GUS, at one or more time points (Fig. 5B, D) . However, the expression levels of NbAPX4, NbtAPX, NbCAT1 and NbGR2 were significantly down-regulated or did not show any significant change at the three time points tested, suggesting that these four genes may not act downstream of the BnaNAC87 TF.
During leaf senescence, senescence-associated genes (SAGs) and defense-associated pathogenesis-related (PR) genes are upregulated with progression of senescence (Lim et al. 2007 ) . Thus, we monitored the expression of quite a few representative marker genes. Among these, SAG12 encodes a cysteine protease expressed only during the senescence of older leaves and is not generally regarded as a marker for early senescence stages (Noh and Amasino 1999) ; NAP(NAC29) and WRKY6 are two well-known TF genes regulating leaf senescence (Robatzek and Somssich 2001, Guo and Gan 2006) , and ZAT12 is induced by multiple stresses and is required for up-regulation of ROS signal transduction genes in Arabidopsis (Davletova et al. 2005) . Unexpectedly, expression of NbSAG12 and NbSAG101 did not show any significant change at 1 d.p.i. and was even significantly repressed at both 2 and 3 d.p.i. (Fig. 7B) , which suggested that SAG12 and SAG101 are not likely to be regulated by BnaNAC87. NbNAP expression was up-regulated at 2 d.p.i. but down-regulated at 3 d.p.i., suggesting that BnaNAC87 expression has only a limited effect on the expression of the NAP gene. In contrast, expression of BnaNAC87 significantly increased transcription of NbWRKY6 at 1 and 2 d.p.i., and it also induced transcription of NbZAT12 at 2 and 3 d.p.i. (Fig. 5C) .
Lastly, considering the facts that the ROS burst is involved in defense responses and HR-like cell death is a common feature of defense responses (Heller and Tudzynski 2011) , we further examined the expression of a few genes implicated in defense responses. Previously, PR2, PR5 and harpin inducing 1 (HIN1) genes were all shown to be highly induced during HR-like cell death (Pontier et al. 1999) . Furthermore, one marker gene that is rapidly and transiently up-regulated upon pathogen-associated molecular pattern (PAMP) treatment in N. benthamiana, namely NbCYP71D20 (Heese et al. 2007) , was also examined. The data showed that NbHIN1 was constantly induced by BnaNAC87 expression at the three time points (Fig. 5C) . Both NbPR2 and NbPR5 were induced as a result of BnaNAC87 expression at the three time points surveyed, though at different magnitudes (Fig. 5D) . Surprisingly, transcript abundance of NbCYP71D20 was significantly induced at both 1 and 2 d.p.i. but repressed at 3 d.p.i. for an unknown reason (Fig. 5C ).
BnaNAC87 directly activates expression of multiple marker genes
As previous data showed that BnaNAC87 is a transcriptional activator, we next asked whether BnaNAC87 could activate the expression of those up-regulated marker genes. To test this idea, we again performed transient expression assays using the dual LUC reporter system. The various promoter-driven LUC constructs were used as the reporters, in which CaMV35S promoter-driven REN was used as the internal control. At the same time, plasmids expressing BnaNAC87 or GUS control were used as the effector (Fig. 6A) . The LUC/REN ratio, which reflects in vivo BnaNAC87 transcriptional activity, was monitored. To gain insight into the transcriptional regulation mediated by the BnaNAC87 TF, the relative LUC activity was monitored at two time points (2 and 3 d.p.i.). The results demonstrated that co-expression of BnaNAC87-and ProNbZEN1-, ProNbGST1-, ProNbAOX1a-, ProNbZAT12-, ProNbPR5-or ProNbHIN1-LUC significantly increased the LUC/REN ratio at 2 and 3 d.p.i., compared with the control (Fig. 6B) . These data suggest that the BnaNAC87 TF could activate transcription of these genes in planta. Surprisingly, co-expression of BnaNAC87 and ProNbVPE1a-, ProNbGPX2-or ProNbPR2-LUC did not increase the LUC/REN ratio and instead even decreased it (Fig. 6B) , which suggests that BnaNAC87 is not directly related to transcriptional control of these genes and that other unknown TFs may modulate the activation of transcription of these genes. An examination of the protein sequence of BnaNAC87 indicated that there is no conserved repression motif present, namely the ethylene-responsive element binding factor-associated amphiphilic repression (EAR) motif with the sequences of LxLxL and DLNxxP (x represents any amino acid) (Kagale et al. 2010) . In Arabidopsis, only two NAC TFs, i.e. ANAC041 and ANAC083, harbor the DLNxxP motif and therefore are transcriptional repressors (Kagale et al. 2010 ). However, a previous report demonstrated that Arabidopsis ATAF2/ANAC081, which lacks any conserved repression motif, functions as a repressor of several PR genes, including PR1-PR5, besides a defense marker gene PDF1.2 (Delessert et al. 2005) . Interestingly, overexpression of ATAF2 leads to yellowing of leaves, while two T-DNA insertion mutants do not show any obvious phenotype (Delessert et al. 2005) .
To investigate whether BnaNAC87 TF regulates the expression of ROS-and defense-related genes in oilseed rape, we Data represent the mean ± SE of three biological replicates. Asterisks indicate significant differences by Student's t-test (*P 0.05; **P 0.01).
cloned the promoter regions of two orthologous genes involved in ROS scavenging or signaling. Similarly, we performed a dual LUC assay, and the results showed that BnaNAC87 did upregulate the expression of LUC driven by promoters of both BnaGST1 and BnaZAT12, compared with the GUS control ( Supplementary Fig. S8 ). These data support that BnaNAC87 regulates the ROS level and signaling through modulating transcription of relevant marker genes.
We further analyzed the approximately 1 kb upstream regions of four putative target genes, ZEN1, ZAT12, HIN1 and PR5, which were found to be positively regulated by BnaNAC87. We found the presence of multiple NACRS elements (5'TTNCGT3') in the promoters of these four genes, especially in those of ZEN1 and ZAT12 (Fig. 7A-D) . To determine the binding, we performed an electrophoretic mobility shift assay (EMSA) using purified BnaNAC87 protein fused to the GST tag and biotin-labeled DNA probes. First, we tested the binding of BnaNAC87 to triple tandem repeats of NACRS. The result confirmed that the BnaNAC87-GST fusion protein bound to 3ÂNACRS and caused a clear shift (Supplementary Fig. S9 ). In contrast, purified GST alone did not bind to it (Supplementary Fig. S9 ). Next, each of the putative NAC-binding sites in the upstream regions of these four genes were labeled with biotin and used as probes. The EMSA results showed that BnaNAC87 bound to P2 and P3 segments of the ZEN1 promoter, but not to the P1 segment, and it has a higher affinity for P3 than for P2 (Fig. 7E) . As a control, GST cannot bind to any of the three segments of the ZEN1 promoter. The full-length BnaNAC87 fused to GST was used to detect protein-DNA interactions. GST protein was used as a negative control. Biotin-labeled promoter fragments containing an NACRS were used as probes. The bands at the upper and lower parts of the membrane indicate DNA-protein complexes (shift) and free probes, respectively.
Similarly, the binding of BnaNAC87 to the five different fragments of the ZAT12 promoter was tested and the results showed that BnaNAC87 clearly bound to P1 and P4 probes only (Fig. 7F) . As for the NACRS elements of HIN1 and PR5 genes, BnaNAC87 bound to P2 of HIN1 and P1 of PR5, but no binding was detected with the other probes (Fig. 7G, H) . The specificity of the binding was further confirmed by a competitive assay, where unlabeled competitors greatly reduced binding of BnaNAC87 to the probes, although with differential affinities (Supplementary Fig. S10 ).
Conclusion
NAC TFs constitute one of the largest plant-specific TF families. Genetic and molecular studies of NAC TFs have suggested that they regulate diverse biological processes, such as developmental programs, senescence and ripening, secondary cell wall formation and defense responses to biotic and abiotic stresses (Puranik et al. 2012 , Nuruzzaman et al. 2013 . Although a few NAC genes are reported to regulate leaf senescence or PCD (Kaneda et al. 2009 , Faria et al. 2011 , Woo et al. 2013 , especially in the model plants Arabidopsis and rice, whether and how NAC TFs trigger ROS burst and cell death remain largely unknown.
In the present study, we described the functional characterization of a BnaNAC87 TF gene isolated from oilseed rape, one of the most important oil crops in China and world-wide. We identified BnaNAC87 as a transcriptional activator and as a novel regulator of the ROS level and cell death in plants (Figs. 2, 3 ). In addition, quantification of physiological indexes indicated that BnaNAC87 expression led to degradation of Chl and accumulation of anthocyanins and MDA (Fig. 3) . Further, the role of BnaNAC87 in inducing PCD was confirmed by nuclear DNA fragmentation (Supplementary Fig. S6 ). The function of BnaNAC87 in inducing ROS accumulation and cell death was also confirmed in oilseed rape protoplasts (Fig. 4) . We further monitored the expression of a variety of marker genes encoding ROS-producing and ROS-scavenging enzymes as well as proteins mediating plant defense or leaf senescence, and we detected significant changes in quite a few genes (Fig. 5) . Lastly, the role of BnaNAC87 in activating the promoter activities of six genes encoding endonuclease or ROS-scavenging enzymes, or mediating defense response was confirmed through a dual LUC assay. A bioinformatic analysis and literature search indicated that an ortholog of BnaNAC87 in the close relative Arabidopsis has not yet been reported to have such a function. Taken together, our work has clearly demonstrated that BnaNAC87 is a novel member in the family of NACs that modulates ROS accumulation and cell death.
Materials and Methods

Plant materials and growth conditions
Seeds of oilseed rape (Brassica napus L.) and N. benthamiana were sterilized in a diluted sodium hypochlorite solution and sown on 1/2 Murashige and Skoog (MS) medium (containing 1% sucrose, pH 5.7), stratified at 4 C for 2 d before being transferred to a growth chamber (light/ dark cycle of 14/10 h at 22 C) with an intensity of 120-150 mE m À2 s -1 and a relative humidity of 70%. Sevenday-old seedlings were transferred to soil mix and grew under the same conditions.
cDNA cloning
Total RNA was extracted from seedlings of oilseed rape using a Plant RNA kit (Omega). Synthesis of cDNA and high-fidelity PCR amplification using PrimeSTAR HS DNA polymerase (TAKARA) were performed as described (Liang et al. 2013) . Primers used are listed in Supplementary Table S1 . The oilseed rape NAC87 sequence was deposited in GenBank under the accession number KP641357.
Phylogenetic analysis
The protein sequences of NACs from oilseed rape and representative species were retrieved from public databases and aligned using ClustalX1.83. A phylogenetic tree was constructed through an MP algorithm implemented within MEGA6. A total of 1,000 bootstrap replicates were included to calculate the confidence levels to each node. Multiple alignment was illustrated by an online Boxshade program (http://www.ch.embnet.org/software/BOX_form.html).
Transcriptional activity assay
The coding region of BnaNAC87 was subcloned into the pGBKT7 vector (Clontech), using the primers listed in Supplementary Table S1 . Transformation into the yeast strain AH109 and selection on 'drop-out' medium was performed as described previously (Wang et al. 2015) . Next, the transcriptional activity was analyzed through a dual LUC-based system, using a tandem repeat of the NACRS element driving LUC as the reporter as described previously (Niu et al. 2016 ).
Subcellular localization
To generate the ProBnaNAC87:BnaNAC87-GFP construct, a 4.4 kb genomic fragment (BnaC02g07990D), consisting of the 3 kb upstream promoter and 5'-untraslated region (UTR) and the 1.4 kb intron-containing coding region without the stop codon was amplified by PCR using high-fidelity PrimeStar DNA polymerase (TAKARA) from the genomic DNA, and cloned into the binary vector p35SNGFP in front of the sequence encoding GFP (the CaMV35S promoter was replaced). The NLS was amplified from the pGADT7 vector and cloned upstream of mCherry in the pYJmCherry vector. Primer sequences are described in Supplementary Table S1 . After sequencing, the constructs were transformed into Agrobacterium tumefaciens GV3101 through the freeze-thaw method. The Agrobacterium GV3101 containing the constructs was resuspended in an infiltration buffer (0.15 mM acetosyringone, 10 mM MgCl 2 and 10 mM MES-KOH) before being infiltrated into leaves of 28-day-old N. benthamiana plants by a needleless syringe. GFP and mCherry signals were observed 48 h later under a laser scanning confocal microscope (Olympus).
Stress and hormone treatments, and gene expression analysis
One-week-old oilseed rape seedlings grown vertically on 1/2 MS medium plates supplemented with 1% sucrose in a growth chamber were transferred onto normal 1/2 MS medium without any stress as the control. In parallel, seedlings were also transferred onto 1/2 MS medium supplemented with 200 mM NaCl (MP Biomedicals), 12.5% PEG8000 (MP Biomedicals), 50 mM ABA (±-ABA, Sigma), 10 mM MV (Sigma), 10 mM H 2 O 2 (Alfa Aesar), 50 mM JA (Sigma) and 2 mM SA (Sigma), respectively. Cold and heat treatments were applied by transferring seedlings onto normal 1/2 MS medium plates before placed in 4 and 37 C chambers, respectively. Fourteen-day-old canola seedlings were inoculated with the fungal pathogen S. sclerotiorum or agar plugs as the control (Niu et al. 2014 ). The whole process was repeated three times during three consecutive days. Total RNA extracted from seedlings or leaves using a Plant RNA kit (Omega) was subjected to cDNA synthesis. Similarly, total RNA isolated from leaf discs of N. benthamiana (three biological replicates) using Trizol (Sangon) was subjected to genomic DNA removal using a Turbo DNA-free kit (Ambion). The first cDNA strand was synthesized from 2.5 mg of RNA using oligo(dT) 18 (Liang et al. 2013 ). qRT-PCR was performed using SYBR Green I premix (CWBio) on the CFX96 real-time system (Bio-Rad). Primers were designed using PrimerSelect (DNASTAR Inc.) and are listed in Supplementary  Table S1 . Each sample was measured in two technical replicates. The two-step thermal cycling profile and data processing were carried out as described previously (Liang et al. 2013) . The internal reference genes used are BnaUP1 and BnaUBC9 for oilseed rape, and NbPP2A, NbL23 and NbF-box for N. benthamiana. Relative expression levels (fold changes) were calculated by comparing transcript levels under treatments (or in BnaNAC87-expressing tissues) with those under mock treatments (or in GFP-expressing tissues) according to the formula proposed by Pfaffl (2001) , which takes the difference in amplification efficiency of different primer pairs into account. Significance was determined using Student's t-test.
Agrobacterium tumefaciens-mediated transformation and DAB staining
Coding sequences of BnaNAC87 and GUS control were cloned into the pYJHA binary vector under the control of the CaMV35S promoter. After transformation into Agrobacterium GV3101, plasmids of BnaNAC87 and GUS were infiltrated separately into leaves of 30-day-old N. benthamiana plants . After that, plants were kept under normal growth conditions. DAB staining of detached leaves was performed according to the previously described protocol ).
Measurement of electrolyte leakage, H 2 O 2 , Chl, anthocyanin and MDA Ion leakage was measured using a conductometer as described previously . Total Chl was extracted in 100% ethanol overnight with content determined using the formula 6.63A 665 + 18.08A 649 . Anthocyanin was extracted in methanol-1% HCl solution overnight at 4 C and measured with a spectrophotometer, and the content was determined by the formula (A 530 -A 657 )Â1,000. For MDA quantification, approximately 100 mg of leaf discs were homogenized in 1 ml of 0.1% trichloroacetic acid (TCA) and reacted with an equal amount of 0.6% thiobarbituric acid (TBA) with the concentration calculated by the formula 6.45(A 532 -A 600 ) -0.56A 450 (Niu et al. 2014 ). H 2 O 2 was extracted and determined according to Patterson et al. (1984) with some modifications. Briefly, 0.1 g of leaf tissue was extracted with 1 ml of 5% (w/v) TCA followed by incubation at 65 C for 15 min before centrifugation at 13,000Âg for 10 min. After neutralizing to pH 7.5 using 1 M NH 4 OH (Alfa Aesar), the supernatant was divided into two aliquots of 100 ml, and to one was added 100 U of CAT (EC 1.11.1.6, Sigma) as the blank and to the other was added 0.4 ml of 100 mM Tris-HCl (pH 8.5). After incubation at room temperature for 30 min, 0.5 ml of colorimetric reagent [0.15 mM potassium titanium oxalate (Alfa Aesar) and 0.15 mM 4-(2-pyridylazo) resorcinol monosodium salt (Alfa Aesar) in 100 mM Tris-HCl (pH 8.5)] was added into each of the above two mixtures. The absorbance was monitored at 508 nm in a spectrophotometer (Thermo Scientific) after incubatiuon at room temperature for 15 min. The amount of H 2 O 2 in the leaf tissue was calculated against a standard of H 2 O 2 solution (Alfa Aesar).
Transient expression and staining in oilseed rape protoplasts
The expression cassette of BnaNAC87 was released from the aforementioned pYJHA recombinant plasmid and subcloned into the pUC19 plasmid, resulting in pUC19-BnaNAC87. The control plasmids pUC19-GFP and pUC19-GUS were constructed as described previously (Wang et al. 2015) . Oilseed rape leaf protoplasts were isolated from 6-week-old plants grown under a photoperiod of 12 h light/12 h dark with a relative humidity of 70%, and the density of protoplasts was adjusted to be 2Â10 5 ml À1 before transfection with various constructs through the PEG4000/CaCl 2 method (Yoo et al. 2007) . After incubation at room temperature for 16 h, various stainings and detection of H 2 O 2 were performed. The Evans blue and FDA stainings were performed as described previously (Niu et al. 2016 ). Detection of the ROS level in protoplasts was carried out using the fluorescent dye H 2 DCFDA (Sigma). Briefly, the protoplasts were incubated in a staining buffer (10 mM Tris, 50 mM KCl, pH 7.2, 25 mM H 2 DCFDA) for 10 min at 25 C in the dark. After washing, fluorescence was examined using a fluorescence microscope (BX53, Olympus) with excitation at 488 nm and emission at 525 nm. All images were taken under identical conditions. The scoring of protoplasts was performed by examining 20 individual fields from three replicates. For quantification of ROS intensity, 200 ml of transfected protoplasts were stained with H 2 DCFDA, with fluorescence measured on a microplate reader (Spectra Max M2, Molecular Devices).
Promoter cloning and dual-luciferase reporter assay Primers were designed using orthologous genes of tobacco, potato and Arabidopsis as the queries through a BLAST search in the SOL Genomics Network database (http://solgenomics.net/tools/blast) and the Brassica napus Genome Browser (http://www.genoscope.cns.fr/brassicanapus/). The 1-2 kb promoters (upstream of the translation initiation site ATG) were cloned through PrimeStar DNA polymerase-mediated high-fidelity PCR (TAKARA) using genomic DNA as the template. Restricted PCR products were fused upstream of the firefly LUC gene in the pGreenII0800-LUC vector and confirmed through sequencing. REN under the control of the 35S promoter was used as the endogenous control. The effector plasmid is pYJHA-BnaNAC87 and the control plasmid is pYJHA-GUS. Dual LUC assay was performed as described previously (Hellens et al. 2005) , using a dual-luciferase reporter assay kit (Promega). The binding ability of BnaNAC87 to various promoter regions was indicated by the ratio of LUC to REN. Triplicate transient assay measurements were included for each combination.
Electrophoretic mobility shift assay (EMSA)
BnaNAC87 was subcloned into pGEX 4T-1 vector and was transferred into the Escherichia coli strain Rosetta (DE3) (Merck). The expression of GST-BnaNAC87 or GST (from the empty vector) was induced by 0.1 mM isopropyl-b-d-1-thiogalactopyranoside (IPTG) at 20 C for 8 h. The recombinant proteins were purified with GST bind resin (Merck) according to the manufacturer's instructions. The probes were either synthesized (Sangon Biotech), labeled with biotin at the 5' end and annealed, or produced from high-fidelity PCR. Primers of probes used are listed in Supplementary Table S1 . EMSA involved the Light Shift Chemiluminescent EMSA Kit (ThermoFisher Scientific). Photos were taken using the ChemDoc system (Bio-Rad, USA).
Statistical analysis
All experiments were repeated with three to four biological replicates. Data were statistically analyzed by using SPSS 16.0 software.
Supplementary Data
Supplementary data are available at PCP online. 
